The mouse posterior primitive streak at neural plate/headfold stages (NP/HF,~7.5dpc-8dpc) represents an optimal window from which hemangioblasts can be isolated. We performed immunohistochemistry on this domain using established monoclonal antibodies for proteins that affect blood and endothelial fates. We demonstrate that HoxB4 and GATA1 are the first set of markers that segregate independently to endothelial or blood populations during NP/HF stages of mouse embryonic development. In a subset of cells, both proteins are co-expressed and immunoreactivities appear mutually excluded within nuclear spaces. We searched for this particular state at later sites of hematopoietic stem cell emergence, viz., the aorta-gonadmesonephros (AGM) and the fetal liver at 10.5-11.5dpc, and found that only a rare number of cells displayed this character. Based on this spatial-temporal argument, we propose that the earliest blood progenitors emerge either directly from the epiblast or through segregation within the allantoic core domain (ACD) through reduction of cell adhesion and pSmad1/5 nuclear signaling, followed by a stochastic decision toward a blood or endothelial fate that involves GATA1 and HoxB4, respectively. A third form in which binding distributions are balanced may represent a common condition shared by hemangioblasts and HSCs. We developed a heuristic model of hemangioblast maturation, in part, to be explicit about our assumptions.
Introduction
Understanding the complex sequence of interactions that lead to robust determination of distinct cell types during embryonic development will directly enhance our ability to generate sustainable populations for regenerative therapies. A critically important but unresolved problem is to clarify the origin (Danchakoff, 1916; Sabin, 1922) and natural paths (Chan and Yoder, 2004; Dzierzak and Speck, 2008) of the earliest blood cells during embryogenesis.
Combined developmental and clinical investigations have identified hemangioblasts and hematopoietic stem cells (HSCs) as the earliest progenitors that contribute to the complete set of blood types. The term hemangioblast was originally coined by Murray to emphasize the specific potential of angioblasts to contribute to both blood and endothelial cell types (Murray, 1932) . Around that period, "angioblast" was used as a morphological term to describe primitive mesenchymal cells emerging from the epiblast that aggregate into cords, which then transform into blood islands through lumenization (Downs, 2003; Sabin, 2002) . More recently, genetic analyses have distinguished angioblasts by their restricted potential to contribute only to endothelial and possibly smooth muscle cells . Complementary examinations of post-gastrulation stage mouse embryos and the related embryoid body system have helped dissect further specific molecular and genetic differences between hemangioblasts and angioblasts (Park et al., 2004; Robb et al., 1995) . However, failure to distinguish behavior at the single cell level in toto has obstructed continued progress toward successful derivation and amplification of HSCs from ES and EpiSCs (Brons et al., 2007; Tesar et al., 2007) .
HSCs are considered to derive from hemangioblasts through an intermediate phenotype called hemogenic endothelium (Eilken et al., 2009; Zovein et al., 2010) . HSCs are operationally defined as mesodermal cells that can functionally reconstitute a lethally irradiated host to a particular degree (Medvinsky et al., 2011; Warr et al., 2011) , the success of which can be sensitive to donor/recipient interactions (Yoder, 2004) . However, due to lack of an explicit (Till et al., 1964) awareness of how particular microenvironments modulate hemangioblasts or HSCs at specific times, a consensus definition sensu stricto has not yet been achieved, leading to relaxed usage to different degrees by specialists in different disciplines. Despite this potential problem, a minimal combination of markers that include SLAM (Signaling Lymphocytic Activation Molecule) factors (Kiel et al., 2005) have been identified to execute up to 37% successful long-term functional reconstitution using supplemented single cells from adult and fetal tissues as early as the 14.5dpc mouse liver (Kim et al., 2006) , while other combinations may be used to enhance reconstitution potential to a lesser degree from tissues as early as 10.5dpc (Chen et al., 2011) . SLAM factors are transmembrane proteins of the CD2 superfamily of immunoglobulin receptors that are physically clustered in chromosome 1 of both mouse and humans (Sidorenko and Clark, 2003) . Finally, emergent behaviors that correlate with the rare number of HSCs identified through a limiting dilution assay (Kumaravelu et al., 2002) has been directly visualized using a transgenic reporter driven by the Ly6A promoter (Boisset et al., 2010) within the ventral region of dorsal aorta explants at 10.5dpc, a site of HSC emergence.
The first blood and endothelial cells in the mouse embryo appear at~6.5dpc with onset of gastrulation (Gilbert, 2008; Stern et al., 2006) , a highly conserved (Voiculescu et al., 2007) metazoan morphogenetic event that initiates with formation of the primitive streak (Vasiev et al., 2010) . Using single cell labeling and comprehensive mapping of descendants, Lawson et al., first characterized the dynamics of the earliest zones that contribute directly to extraembryonic mesoderm at early streak stages (Lawson et al., 1991) . Building on this antero-proximal to postero-lateral epiblast recruitment model, others (Kinder et al., 1999) used multiple retrospective analyses to argue that early primitive erythroid and endothelial lineages are sorted separately and sequentially at early streak to mid-streak stages, respectively. Interpretations of multi-color chimeric studies based on the assumption that cells do not rearrange to a significant degree have supported this temporal segregation model in which epiblast cells control blood or vessel decisions directly rather than through generation of hemangioblasts (Ueno and Weissman, 2006) .
Blood and vessel specification at gastrulation stages is dependent on a diffusible interaction with the visceral endoderm (Belaoussoff et al., 1998) . Although Indian Hedgehog (Ihh) has been implicated as an inducer (Dyer et al., 2001) , deletion of the Ihh-encoding gene does not result in early blood and vessel defects (Byrd et al., 2002) . However, the severity of vascular defects displayed by smoothened −/− embryos is phenocopied by removal of both Shh and Ihh, implicating overlapping roles for the two ligands (Astorga and Carlsson, 2007) and an essential requirement for Hedgehog signaling for patterning early embryonic blood and vessel development. Rescue of endothelial defects with exogenous treatment of Bmp ligands in mice lacking Foxf1, a bHLH transcription factor responsive to Hedgehog signaling, support a model in which vascular remodeling is controlled indirectly by Hedgehog signaling through induction of Bmp4 via control of Foxf1 in a tissuespecific manner (Astorga and Carlsson, 2007) .
At neural plate/headfold stages (~7.5dpc, please see morphological criteria, such as the shape of the allantois (Downs and Davies, 1993) ), Huber et al., demonstrated optimal hemangioblast potential using clonal analysis of cells isolated from Brachyury/Flk1-positive posterior streak tissue (Huber et al., 2004) . Based on these data, the investigators proposed that hemangioblasts migrate directly into the yolk sac upon delamination from the posterior streak. Persistent assortment of mesoderm into the yolk sac was previously shown using orthotopic grafts to the region ventral to the amniotic insertion site at headfold stages (Tam and Beddington, 1987) . Most recently, transplant of large cell clusters followed by expression mapping showed fluid contribution from posterior and allantoic regions to the extraembryonic yolk sac (Mikedis and Downs, 2011) , arguing that mesoderm contribution to the yolk sac exhibits both coherence and exchangeability with neighbors. However, definitive assortment trajectories have not yet been mapped to define the degree to which cell adhesion and segregation operates across the single cell level.
The posterior primitive streak (Downs, 2009 ) at headfold stages is an ambiguously defined caudal region of active cell sorting that exhibits a remarkable degree of organization (Mitiku and Baker, 2007) , as illustrated by simultaneous coordination of blood island formation (Ferkowicz and Yoder, 2005) allantoic bud growth (Downs et al., 2009 ), primordial germ cell maturation (Fujiwara et al., 2001; McLaren, 2003; Saitou and Yamaji, 2010) and segregation of the embryo proper (Deschamps and van Nes, 2005) . Despite this criticality, physical suitability for analyses (Gardner, 1985) , and its position as a restricted point of divergence for three different HSC reservoirs (the allantois, yolk sac and future AGM (Wang and Wagers, 2011) ), physical difficulty with handling the delicate gastrulation stage mouse embryo has precluded repeatable examinations for improving resolution of cell segregation behaviors.
In this report, we examined HoxB4 and GATA1 at different stages of blood and vessel development beginning at neural plate/ headfold stages. We show that the GATA1/HoxB4 combination is the earliest set of markers that distinguish blood and endothelial lineages, respectively. The two functionally distinct transcription factors are co-expressed in the nucleus in a salt and pepper pattern until at least 8.5dpc embryos. Moreover, we demonstrate that the signature is found in rare populations in the 10.5dpc AGM and 11.5dpc fetal liver. Based on these observations, we hypothesize that the HoxB4/GATA1 interaction is an example of transcription factor cross-antagonism (Cantor and Orkin, 2001 ) specific for early mouse embryonic hemangioblasts and shared by HSCs in the AGM and fetal liver. Cross-antagonism is a concentration-dependent mutually exclusionary lineage specification process involving competitive interactions between two functionally opposed transcription factors, although the specific manner by which the mechanism is executed can vary.
Materials and methods

Embryo collection
Embryos were collected from ICR or C57BL/6 crosses. Embryos were staged according to morphological criteria (Downs and Davies, 1993) . Neural plate/headfold (NP/HF) stage embryos were assigned as those embryos that have formed an allantois that had not yet fused with the chorion while displaying the thickening of rostral neural tissue and no somites. Further subdivisions were based on the shape of allantois. NP/HF, early somite stage (8.5dpc) and 9.5-11.5dpc embryos were collected in a 5% FBS/DPBS dissecting buffer and fixed with 4% PFA overnight at 4°C with rocking.
Immunohistochemistry
Embryos were washed thoroughly in PBT.1. Samples were placed in blocking buffer (PBT.1 + 5% Goat and 5% Donkey Serum) for 1 h. The blocking buffer was replaced with the following monoclonal antibodies at 1:150 dilution in blocking buffer: Flk1, PECAM-1, CD41 (Pharmingen), GATA1, pSMAD1/5, E-cadherin, PU.1 (Cell Signaling Technologies), pan-Laminin (Sigma) and HoxB4 (DHSB, http://dshb. biology.uiowa.edu/). After overnight incubation at 4°C, samples were washed with three changes in blocking buffer and placed in appropriate secondaries at 1:200 dilution overnight in blocking buffer. Secondary antibodies were all purchased from Invitrogen (AlexaFluor conjugated, Invitrogen). Samples were washed in PBT.1 three times and placed in an undersaturated DAPI dilution (~7 mg/ml) overnight for counterstaining. DAPI was rinsed in PBT.1 prior to imaging. At least 3 embryos and multiple optical sections of different regions were examined for each antibody. Generally, we examined distributions until they became qualitatively predictable.
Section preparation
Samples were placed in an agarose/sucrose block (2%/1% in PBS) for vibratome sectioning. Samples were cut in 80-100 μm sections and only the middle section containing the longest allantoic fragment was examined to facilitate comparative analysis and record developmental stage. Samples were manually mounted by placing the droplet of PBS with the sample onto the coverslip with silicon posts. The buffer was removed with a pipette to promote attachment of sample onto coverslip, then a slide was placed over the sample, being careful not to crush the sample. PBS was replaced and the sample was imaged using a confocal microscope.
Microscopy
Samples were examined using a Zeiss 510META system. We used a 10× Plan-Neofluar 10×/0.3, F-Fluar 40×/1.3 Oil or Alpha-PlanApochromat 100×/1.46 Oil DIC lens.
Quantification and image processing
Zen software that is a standard feature of the confocal system was used to quantify intensities. Briefly, the widest field was captured using the 40 × lens to relate relative intensities between cells located across a single field. Then, higher magnification subfield images were generated and relations in this field were normalized to the wider image. Surface area of intensity was measured from equivalently sized nuclei selected from a Z-series, then plotted using a spreadsheet. No processing other than Photoshop Image Levels, Rotate or Mode Grayscale was used.
Netlogo modeling
The Netlogo software is free to download from the Northwestern University Center for Connected Learning website (Wilensky, 1999) , which includes step by step instructions on how to proceed and is actively supported by a large user community.
Results
Posterior epiblast/extraembryonic mesoderm interface changes throughout gastrulation and the exact boundaries remain ambiguous
We developed a simple and reproducible stereological technique (Hilliard and Lawson, 2003) to better resolve spatial boundaries at neural plate/headfold stages (NP/HF). We attempted to spatially localize the earliest hematopoietic and endothelial determination event during NP/HF stages using immunohistochemistry. As a marker of the undifferentiated state, we chose E-cadherin (ECad), a calcium dependent adhesion molecule that has an essential and specific role in trophectoderm development (Kan et al., 2007) . Although it is also expressed in the allantois and visceral endoderm throughout headfold stages , its clearance specifically in embryonic mesoderm (Burdsal et al., 1993) is considered a critical aspect of the coordinate remodeling necessary for proper segregation and has been used as a marker for the epiblast (Ciruna and Rossant, 2001; Rakeman and Anderson, 2006) .
As an indicator of the determined state, we chose Flk1/VEGFR2/ KDR, a growth factor receptor necessary for blood and vessel development (Shalaby et al., 1997) , and perhaps smooth muscle precursors Yamashita et al., 2000) . Finally, we examined pSmad1/5 distributions to quantify the nuclear activation state of Bmp-Receptor regulated Smads (BR-Smads) (Massague et al., 2005) in Flk1 positive cells. Smad1 (Tremblay et al., 2001 ) and Smad5 (Chang et al., 1999) are cytoplasmic modulators of the BR-Smad class that affect posterior development (Winnier et al., 1995) at different stages and through multiple mechanisms (de Sousa Lopes et al., 2004; Fujiwara et al., 2001; Lawson et al., 1999) , in contrast to R-Smads (Smad2/3), which generally participate in orchestrating embryonic polarity through control of anterior, neural and cardiac fates in a concentration-dependent manner (Kattman et al., 2011; Waldrip et al., 1998) .
At early bud stages (~7.25dpc), ECad is differentially expressed as dense punctate clusters on membranes throughout various tissues including the embryonic ectoderm and endoderm and reduced in the middle germ layer except in a narrow domain at the posterior end of the embryo (Figs. 1A-C; for nomenclature and anatomy of posterior region, please see summary Fig. 4 ). More specifically, the protein is maintained within a pseudo-stratified region~16 cells-wide across the embryonic/extraembryonic junction (Figs. 1A,B). The posterior limit of ECad expression (white arrows, Figs. 1A,B) abuts Flk1 expressing cells, creating a sharp boundary that divides the allantoic core domain (ACD) in half across its base (white arrows, Figs. 1A-C). The absence of signal in extraembryonic amniotic mesoderm (pink arrow, Fig. 1B , (Dobreva et al., 2010) ) and head mesenchyme (teal arrow, Fig. 1B ) serves as internal negative controls for antibody specificity. ECad expression on angioblast membranes is maintained as puncta that overlaps with Flk1 (yellow arrow, Fig. 1D ) but always excluded from an extranuclear lipid trafficking compartment (green arrow, Fig. 1D ).
Determining the location of the epiblast/angioblast interface was difficult at headfold stages due to changes in both ECad and Flk1 expression distributions . Flk1 positive cells expanded its territory distally across the entire transitional visceral endoderm interface (AX) (Bonnevie, 1950; Downs et al., 2009 ) often as individuated cells (green arrows, Fig. 1E ) but sometimes as a continuous stream (Fig. 1J ). A qualitative difference in ECad distribution was apparent in cells positioned across the line defined as the amniotic insertion point (white arrow, Fig. 1F ). Generally, cells proximal to the site of implantation displayed punctate membrane expression while continuous patterns were evident on distal cells. Closer examination of the ACD revealed varying degrees of ECad membrane clustering across subsets of visceral endoderm and stromal cells (Fig. 1H, Figs . 2B,C) that appeared to mature to continuous junctions by late headfold stages (Fig. 2D ). Flk1 positive cells maintained reduced ECad levels at headfold stages (compare green and red arrows, Figs. 1G,H). These data suggest that regulation of ECad membrane dynamics (Hong et al., 2010 ) is changing across headfold stages.
ECad puncta in cells occupying the proximal allantoic core domain (ACD) (Mikedis and Downs, 2011) were sometimes arranged in circular patterns (Figs. 2A-D), suggestive of polarized clustering. Using nuclear arrangements as readout, we examined 21 embryos and found 12 circular clusters that ranged from 50 to 100 μm in size. All 12 samples with recognizable arrangements were from mid headfold stages and older, up to early somite stages. Although these data argue that the circular cluster within the ACD matures throughout headfold stages, this qualitative observational argument is expected to be sensitive to mounting orientation and dynamics of underlying adhesive interactions.
To determine if the circular arrangement was associated with other markers of tissue polarity, we stained for Laminin (Hamill et al., 2009 ), a basement membrane protein that forms an integral component of the extracellular matrix (Mikedis and Downs, 2009; Zamir et al., 2008) . Although the round nuclear arrangement was recognizable in a mid headfold stage embryo (Fig. 2E ), Laminin expression was mostly restricted to tissue interfaces and stromal cells adjacent to the AX. Laminin expression increased by late headfold and the signal surrounded a 70 μm circular cluster (Fig. 2F ,G) that made contact across the amniotic insertion site. A different example of a circular cluster is shown in Fig. 2H to illustrate its spatial relationship to hematopoietic determination. Note the positioning of cells expressing sparse punctate levels of CD41, a marker of both primitive and definitive hematopoiesis (Ferkowicz et al., 2003; Mikkola et al., 2003) , contacting the base of the circle adjacent to the AX (red arrow, Fig. 2H ). Combined, these data suggest that Flk1+ cells are determined through a direct interaction with the circular domain that lies across a triangular region within the proximal ACD that has demonstrated potential to contribute to hematopoiesis, the vessel of confluence and yolk sac endothelial cells (Mikedis and Downs, 2011) . Since the displayed images are renders of static optical sections, further investigation is warranted to elucidate the transforming volumetric structure and its potential role in affecting posterior patterning.
Bmp signaling is critical for mesoderm induction (Winnier et al., 1995) and subsequent maturation, proliferation and survival of Flk1 positive cells (Park et al., 2004) . To detect changes in Bmp Receptor mediated induction associated with cell fate determination, we examined distributions of the phosphorylated form of Smad1/5. Tissue-level staining patterns at headfold stages resembled published reports (Figs. 1I-K) (Fukuda et al., 2006) . Namely, expression is higher in the posterior region ( Fig. 1I ) but also present in rostral compartments near the anterior visceral endoderm (data not shown). Within the ACD (Figs. 1I-K), nuclear localization is present throughout all cells, albeit at different levels. Notably, there was a significant and specific decrease in nuclear accumulation in all angioblasts adjacent to the AX (green arrow, Fig. 1J ). Punctate signals that colocalize with Flk1 outside of the nucleus were also apparent. In blood islands, Flk1 positive cells maintained low nuclear pSMAD1/5 levels (data not shown). In the allantois, some Flk1 positive cells near the base of the ACD displayed low pSMAD1/5 nuclear levels similar to cells of the yolk sac but distal cells associated with allantoic blebs exhibited higher intensities (Figs. 1I,K) .
We quantified phosphorylated Smad1/5 distributions in the caudal region (Fig. 1L) . A set of cells with characteristic round nuclei that resemble migrating PGCs had higher but consistent intensities (~130 RLUs), likely due to induction by extraembryonic mesodermderived Bmp4 signals (Fujiwara et al., 2001 ). Visceral endoderm displayed heterogeneous nuclear levels, stromal cells of the ACD had consistent intensities (~100 RLUs), while angioblasts displayed the lowest average nuclear accumulation (~33 RLUs). These data are consistent with a threshold model for survival, maintenance and segregation of different lineages (Lawson et al., 1999) . Most notably, our results show that pSmad1/5 nuclear accumulation was reduced and maintained at low levels in Flk1 positive cells lining the visceral endoderm. These results support arguments that stress the importance of timing in Smad1 modulation across distinct stages (Adelman et al., 2002; Cook et al., 2011; Zafonte et al., 2007) .
Blood and vessel determination begins prior to yolk sac blood island formation at headfold stages To determine the positioning of blood and vessel segregation at headfold stages, we performed immunohistochemistry on embryos using PECAM-1 and CD41, respectively. PECAM-1 (Newman and Newman, 2003) is an integral membrane glycoprotein that serves as a marker for endothelial cells, while CD41, the alpha subunit of integrin αIIbβ3 (Coller and Shattil, 2008) , has been implicated as the first marker for both primitive (Ferkowicz et al., 2003) and definitive (Mikkola et al., 2003) hematopoiesis. Consistent with previous reports (Ema et al., 2006) , CD41 and PECAM-1 did not discriminate between blood and endothelial cells at headfold stages. Both monoclonal antibodies reacted with cells throughout blood islands, albeit at different and complicated intensities and subcellular distributions (Figs. 3D,H) , i.e., distributions varied from sample to sample and we were not able to accurately predict the degree of punctate and continuous membrane distributions. Such distributions argue that we did not achieve a sufficient level of sampling and are suggestive of rapid membrane dynamics, which will require increased temporal resolution for improved interpretation. The first consistent site of expression was present in cell clusters located beneath the ventral cuboidal mesothelium (VCM) (red arrows, Figs. 3A-C), at the developing site of the vessel of confluence (VOC) .
For example, a rare cluster expressing copious levels of the CD41 aggregation receptor throughout membranes was observed in only one out of five embryos examined. Connected cells extending both proximally and distally from the cluster displayed sparse punctate stains (white arrow, Fig. 3C ). Other examined embryos exhibited a different type of punctate pattern outside blood islands, which is suggestive of varied dynamic membrane regulation (data not shown). We also observed PECAM-1 expression in disconnected cells surrounding a lumen (Downs, 2003; Zeeb et al., 2010) (green arrows, Figs. 3E-G) , which supports the view that blood island formation initiates prior to cells reaching the blood island proper.
Blood islands can be defined as compositions of blood and endothelial cells derived from lumenized angioblasts (Downs, 2003; Sabin, 2002) , or by the now more conventional usage denoting its spatial location, as a belt around the extraembryonic region (Ferkowicz and Yoder, 2005) . We decided to adopt the term "nook" to describe the region bounded by the AX, ACD and VCM (the region in which the VOC forms) to emphasize the special characteristics of this environment and its distinct spatial location (Fig. 4) . Namely, different permeability properties between the ventral and dorsal cuboidal mesothelium have been described , which could potentially indicate and affect distinct interactions with surrounding cells. Our choice to use the term "nook" was based on its colloquial description as a tucked corner/niche in which stem cells sit (Powell, 2005) . We showed that standard markers for blood and endothelial cells are already expressed at the nook, which argues that determination initiates prior to arrival at the blood islands proper. We have summarized our findings based on in Fig. 4 . However, detailed dynamics of angioblast transitions from the epiblast or ACD at headfold stages remain ambiguous and must incorporate live imaging to improve temporal resolution.
Complementary expression of HoxB4 and GATA1 is observed at both the cellular and subcellular levels at headfold stages Since PECAM-1 and CD41 did not discriminate between blood and endothelial cells at headfold stages, we chose to examine a different combination of markers to distinguish between the blood and vessel populations. GATA1 is required for erythroid development (Orkin and Zon, 1997) and is co-expressed with VE-cadherin in blood island cells at headfold stages, a subset of which displayed hemangioblast properties (Yokomizo et al., 2007) . At headfold stages, low-level accumulation appears in a subset of Flk1-positive cells distal to the nook (white, green arrows, Figs. 5A, B). A population of GATA1 negative angioblasts that display consistent levels just above background was also observed immediately adjacent to GATA1 positive cells at the nook and blood islands (green and teal arrows, Figs. 5B,C). We quantified GATA1 nuclear accumulation intensities in a single embryonic section using standard quantification software. In the embryo presented, signals increase monotonically as cells approach blood islands. Total levels in the most immature cell are 2% of a typical signal measured in blood islands, while some Flk1 positive cells expressing GATA1 have been measured as high as 55% intensity compared to cells within blood islands (Fig. 5D and data not shown) . Assuming constant and unidirectional migration of angioblasts away from the epiblast (please see illustrations in Coultas et al., 2005; Huber et al., 2004) with onset of GATA1 induction at the amniotic insertion site, these data argue that growth of GATA1 accumulation is slow initially and rapid as cells arrive closer to blood islands. However, examinations of other sections did not show monotonic behavior, with high GATA1 positive levels appearing as early as the nook in some instances (red arrow, Fig. 5E ). Together, these data argue that arrangement of determined hematopoietic populations is influenced by local interactions at headfold stages.
To implicate a manner by which this difference may be operating, we chose to examine distribution patterns for HoxB4 (Gould et al., 1998) , a homeobox gene (Krumlauf, 1994; Scott, 1992 ) that suppresses erythroid differentiation when ectopically expressed at high levels (Pilat et al., 2005) and increases repopulation potential when complemented with existing selection strategies (Hills et al., 2010; Kyba et al., 2002) . In addition, HoxB4 has been associated with a hematoendothelial phenotype when overexpressed in human embryoid bodies (Unger et al., 2008) and thought to be downregulated upon multipotent progenitor and HSC differentiation based on dynamic expression analysis of FACS sorted fetal liver and embryoid body samples (Pineault et al., 2002) .
At headfold stages, embryonic expression of HoxB4 is displayed most strongly in mesoderm and ectoderm with rostral boundaries reaching the node (Forlani et al., 2003 and data not shown). In extraembryonic regions, positive signals were detected at varying levels throughout the ACD, allantois and yolk sac mesoderm, but were selectively high in subsets of cells adjacent to cells expressing GATA1 (Figs. 5F-J) . This configuration was detected in the allantois (Fig. 5G) , the nook (Fig. 5H ) and blood islands (Figs. 5I,J) . Absolute segregation of HoxB4 and GATA1 to endothelial (green arrows) or blood cells (red arrows), respectively (Figs. 5G,J) , was apparent adjacent to cells expressing both markers (yellow arrows, Figs. 5G-I) . Combined, these data argue that GATA1, HoxB4 and GATA1/HoxB4 expression patterns mark three different stable states, viz., blood, endothelial and bipotent cell types during headfold stages. Moreover, the signals consistently avoided heterochromatin and each other within the nucleus (Figs. 5K-O and Supplemental Fig. 1 ).
Dual expression is present in rare populations within 10.5dpc AGM and 11.5dpc fetal liver With consideration to theoretical studies (Huang et al., 2007) , we postulated that the salt and pepper HoxB4/GATA1 expression signature is a marker of a pluripotent state that may be maintained at later stages. Therefore, if this combined set of characters, defined as observable features at a certain level of integration that is associated with some reference process (Wagner, 2000) , is to be used to distinguish HSCs, then the pattern must be present in rare populations within regions of HSC emergence, viz., AGM at 10.5dpc and 11.5dpc fetal liver (Kumaravelu et al., 2002) . To determine whether the HoxB4/ GATA1 metastable state qualifies as a marker for the HSC, we examined sections for evidence of HSC emergence along possible migratory trajectories. Since these paths have not been defined explicitly, we focused on regions associated with omphalomesenteric artery maturation (OA, also called vitelline artery, VA) Walls et al., 2008) because the developmental boundaries of the paraortic splanchnopleura, the precursor to the AGM, were too large and ambiguous. The OA matures as extensions from the posterior-lateral regions of the vessel of confluence (VOC) . Hematopoietic cluster formation, which has been associated with HSC emergence, is optimal at 10.5dpc near the OA (Yokomizo and Dzierzak, 2010) and has been associated with HSC emergence. The optimal site of HSC emergence then switches to the fetal liver bỹ 11.5dpc (Dzierzak and Speck, 2008; Medvinsky et al., 2011) . At early somite stages (8.5dpc, Figs. 6A-F), medial sections showed that GATA1 and HoxB4 have segregated to either blood (red arrows) or endothelial (green arrows) cells in posterior regions (Fig. 6A) . However, we were able to detect the combinatorial state in a cell sandwiched between fusing blood islands in rostral blood islands (yellow arrows, Figs. 6B,C). Since the OA develops as lateral outgrowths of the VOC, we examined posterior lateral domains. Due to the difficulty of acquiring an appropriate physical section, we mounted the tissue after manual dissection (allantois was removed) and viewed the tissue from the exocoelomic side (inset, Fig. 6D ). The combinatorial expression state was found in two separated cells at the junction of the body wall and amnion (vertical yellow arrows and not shown, Fig. 6D ) that will later contribute to the umbilical vein (Walls et al., 2008) . In addition, two mesodermal cells located close to one another expressed the signature inside the tailbud (Figs. 6E,F) . We consistently detected paired states (e.g., Fig. 6H ) throughout our investigation but do not know the full significance of this observation other than that it suggests overlap in cell cycle regulation.
No combinatorial states in yolk sacs or embryo at 9.5dpc were found, although it was difficult to get sufficient coverage. More specifically, HoxB4 and GATA1 expression was present in either endothelial or blood cells of the yolk sac, respectively, but no coexpression of GATA1 and HoxB4 puncta in nuclei was detected. In the embryo, many cells in posterior regions co-expressed the markers at low levels throughout the cytoplasm but not in the nucleus (data not shown).
At 10.5dpc (Figs. 7A-C) , we only detected the combinatorial state in ventral regions of the dorsal aorta. One cluster of four cells was found in an oblique section inside a single hematopoietic cluster 750 μm rostral to the OA (yellow arrows, Figs. 7A,B) . The cells displayed two different concentrations but were pair-matched. Although downstream events are known to be sensitive to HoxB4 concentration effects (Pilat et al., 2005; Unger et al., 2008) , we cannot currently distinguish the limits and significance of the different concentrations in this preliminary report. However, spatial exclusion of GATA1 and HoxB4 puncta could be distinguished in nuclei of even the highest expressing cells. In a different embryo, we detected only one cell 350 μm rostral to the OA (yellow arrows, Fig. 7C ) that displayed the combinatorial character from examinations of multiple thick sections. This cell was embedded in an endothelial position but its nuclear morphology was closer to that of hematopoietic cells, i.e., it was ellipsoid and folded instead of flattened.
At 11.5dpc (Figs. 7D-F) , we only detected the combinatorial state in blood forming regions subjacent to the fetal liver cortex. General HoxB4 expression was mostly extinguished from the dorsal aorta by this time, illustrating the transient association between HoxB4 and endothelial cells, but expression was maintained at high levels in fetal liver cortex. We found one cell in one embryonic section (Fig. 7D ) and two cells close to one another in a different section of a different embryo (Figs. 7E,F) . On a technical note, detecting these rare populations was particularly challenging at this stage due to the presence of a hazy background, which made it difficult to spot the character state unless scanning at higher than 200× (100× lens with 2 × confocal software magnification, pinhole set at 1 μm optical section). However, the size (~150 nm when set under signal saturation), numbers of puncta and their configurations made pluripotent cells distinguishable. To allow the reader to better assess the quality of differences, we generated a supplemental figure (Supplemental Fig. 1 ) of separated channels and selected controls. Based on the above analyses, we argue that the rarity in specific regions of HSC emergence and nowhere else supports our hypothesis that GATA1/ HoxB4 combinatorial state is a specific HSC marker.
Using multiagent-based model of HSC determination at headfold stages as a heuristic
We formalized our observations using Netlogo, a user-friendly open source agent based modeling platform designed in part to facilitate visualization (Ottino, 2010) of complex behaviors typical of general systems (Epstein, 2008; Wilensky, 1999) and to make explicit the hypothetical assumptions that are used for deduction (Woodger, 1930) . In addition, the software allows dynamic views and parameter sweeping for economizing executable interrogations of developmental interactions. Our Netlogo interface is modeled as a frontal view of the inner posterior yolk sac containing patches (immovable spatial positions that reflect product from visceral endoderm and/or mesothelium or matrix-bound secreted products to denote memory of previous migration events) that secrete diffusible chemicals in order to promote cell clustering (Fig. 8 and the Netlogo model is available as Supplemental Fig. 2) . Migrating angioblasts are analogized as agents endowed with the ability to secrete and respond to chemicals (Serini et al., 2003; Wilensky and Resnick, 1999) , resulting in probabilistic migration towards the higher chemical gradient.
We emphasize that the current model is to be explored and modified by the user as a heuristic for eventual understanding of how both competence and interactions with environmental parameters can affect distribution and determination of hemangioblasts throughout the yolk sac under a given set of assumptions when the full extent of data is not available. Unlike previous reports (Kinder et al., 1999; Ueno and Weissman, 2006) , this model assumes migration behaviors as an essential effector of final cell distributions. Moreover, it does not directly incorporate inductive influences (Dyer et al., 2001; Matsuoka et al., 2001 ) on final cell fate patterning, instead relying heavily on a stochastic, additive process for simplicity.
Formation of the vascular network proved sensitive to prepatterning (Waddington, 2008) . That is, specific configurations of chemical sources at the nook, migration zone and blood islands were necessary to generate shapes that resembled a primitive plexus (compare Fig. 5E, Figs. 8A,B and Figs. 8C-E) . While VEGF/Flk1 interaction is likely to represent the actual mediators of this process (Carmeliet et al., 1996; Miquerol et al., 1999; Shalaby et al., 1997) , our model argues that specific arrangement into a particular configuration is also necessary.
To set up the steady state representative of headfold stages, the model is run for~1000 ticks/iterations to generate a shape resembling the initial conditions (small lime-green agents, assumed to be Flk1+, Tal1-, Lmo2- endothelial cells that mostly emerge at mid-gastrula stages). These iterations were necessary to generate sufficient context to communicate the novel observations reported in the current study. Under these conditions, global flow of cells was toward blood islands but local movement was stochastic. Real migration trajectories have not yet been reported and are a subject of current investigation.
Newly specified hemangioblasts (big yellow clouds, assumed to be Flk1+, Tal1+, Lmo2+) that are considered to correlate with the competence associated with reduced ECad and nuclear Smad1/5 levels (this study) appear from the epiblast/ACD (targets) at a frequency set by the user. New hemangioblasts are initialized with random arbitrary HoxB4 and GATA1 values between 1 and 50 to represent nuclear accumulation. With each iteration/tick, the number is increased for both HoxB4 and GATA1 at stochastic increments between 1 and 5. Although the total amount of GATA1 and HoxB4 proteins is expected to represent a steady state between synthesis and degradation of protein products, little is known of actual kinetics in vivo. The half-life of HoxB4 measured in different FACS sorted populations from different species was~1 h (Zhang et al., 2007) , while that for GATA1 has proved to be variable, most likely due to differences in inherent competencies of examined cell lines. Moreover, we observed an upper limit for HoxB4 expression in different tissues throughout the embryo, marked by our ability to discern individual punctate distributions and absence from hetereochromatin.
Given the lack of precise details in dynamic protein level regulation, we attempted to capture the essence of the output of the steady state through creation of a "threshold-difference" slider, which allows the user to define the upper limit of the difference at which cells must adopt either a primitive erythroid (red cloud, GATA1+) or endothelial fate (dark green amoeboid cell, HoxB4 +). This aspect was included to recognize the implication that promotion of a state is associated with a critical transition, a general feature of complex adaptive systems (Bak and Chen, 1991) . The choice to use hematopoietic, endothelial and bipotent fates was based on observations made in this study combined with a previous report that showed three different potentials expressed in subsets of CD45 neg PFV from embryoid body sorted populations (Wang et al., 2004) and the suggestion that HoxB4 overexpression may induce endothelial fate (Unger et al., 2008) .
The user may view the running difference by pausing the simulation and accessing a general feature of the Netlogo interface, "inspect agent", which will reveal values of the random walk. The general spatial arrangements resembling observed states are used to calibrate HoxB4/GATA1 threshold ranges. We expect the model to be modified and improved over time with integration of real values and observations. In the meantime, our heuristic model attempts to explain dynamic positioning of GATA1/HoxB4 positive cells within the migration zone and posits how graded and binary cell decisions are made in the posterior yolk sac. Although we take several liberties, no similar model currently exists (Roeder and Radtke, 2009 ) that places a coherent quantitative context for spatial positioning of chemical gradients, cell behaviors and gene expression patterns toward understanding hematopoietic cell fate transitions during mouse headfold stages.
Discussion
On the identification of the pluripotent population
In this report, we attempted to improve resolution of the initial stages of blood and endothelial determination using immunohistochemical analysis of mouse headfold stage embryos. Our strategy was to mark the pluripotent population, either the epiblast or ACD, and determine the parsimonious relationship to blood and endothelial cells based on proximity. Although useful for early bud stages, ECad expression changed over time, which made it difficult to distinguish the spatial origin of Flk1 positive cells after early bud stages. At headfold stages, we observed circular ECad arrangements embedded within the triangle region known to contribute blood cells to the yolk sac (Mikedis and Downs, 2011) and the hematopoietic allantois (Corbel et al., 2007; Zeigler et al., 2006) . Specifically, we examined 21 embryos and measured the size of clusters using nuclear arrangements as readout. We were able to detect round clustering behavior in 12 samples, which ranged between 50 and 100 μm in diameter. Although the number of cell types that maintain this structure is not entirely clear, blood and endothelial determination were consistently detected at a contact site at the periphery abutting the AX (red arrow, Figs. 2C,H). We placed our observations in context of the current map for the posterior region in Fig. 4 .
On HoxB4/GATA1 as a marker of hemangioblasts and HSCs
We identified HoxB4 and GATA1 transcription factors as the first set of markers that becomes restricted to endothelial and blood cells, respectively. Moreover, we identified the nuclear salt and pepper pattern as a combinatorial signature that is shared between hemangioblasts at headfold stages and rare clusters that are found only at later sites of definitive HSC emergence. In consideration with previous reports that showed correlation of a subset of GATA1 positive cells with hemangioblast potential (Yokomizo et al., 2007) , it is likely that at least some HoxB4/GATA1 co-expressing cells at headfold stages are hemangioblasts. Although this hypothesis has support, live examinations will be required to connect the immunohistochemical signature to the hemangioblast.
We speculate that the rare populations found at later sites of HSC emergence are HSCs. This hypothesis must be verified using reconstitution or clonal analysis due to the operational definition, although an alternative indirect approach would be to demonstrate correspondence between the HoxB4/GATA1 expression signatures with established HSC characters (Boisset et al., 2010; Kim et al., 2006) . The images are export images of two independent simulations. The model is provided as a supplemental figure (Supplemental Fig. 2) . For more details, please read the Information Tab of the model.
However, there is a deeper issue to associating morphological and genetic markers for defining functional populations. The sensitivity of the operational definition (Morita et al., 2010) to environmental conditions and the tendency of open systems to display similar qualities via different routes have made standards for naming hemangioblasts and HSCs a moving target. Moreover, while the clinicians' reasons (Weissman and Shizuru, 2008) for maintaining rigorous "intentions" (Bertalanffy, 1955) must be respected, the selection and sorting protocols familiar to experimental hematology do not transfer easily to standards utilized by organismal disciplines, the focus of which is to understand how distributed connectivities affect the emergence of behaviors and patterns (Allen, 2004) . Therefore, we believe a complementary approach that explicitly represents the combined considerations of experienced stem cell biologists (Dyer et al., 2001; Medvinsky et al., 2011) with clonal (Eilken et al., 2009; Lancrin et al., 2009 ) and embryonic (Yokomizo et al., 2007) reports is necessary to reduce conflict as we progress toward a synthesis through interdisciplinary investigations.
As an example, we discuss our observations in context of the recently modified epigenetic landscape (Gilbert, 1991) , which considers hematopoiesis as a specific sequence of metastable state transitions driven by transcription factor cross-antagonism (Graf and Enver, 2009 ). We showed that GATA1 and HoxB4 expression begins to segregate to blood and endothelial cell types prior to arrival at the nook, which is the first site of high CD41 expression (Figs. 3A-C) . Moreover, PU.1 expression, which labels multipotent progenitor (MPP) cells (Arinobu et al., 2007) initiates at late headfold stages immediately prior to chorio-allantoic fusion and only in blood islands but never at the nook (data not shown). Based on the spacing and timing of marker emergence, this would place the HoxB4/GATA1 cross-antagonism upstream of the GATA1/PU.1 interaction, which implies that HSCs must exist at headfold stages. However, no successful single cell long-term multilineage reconstitution using cells from 7.5dpc embryos has been reported and specific epigenetic differences (Deng and Blobel, 2010; Xu et al., 2011) between hemangioblasts and HSCs are not known. Determining whether these conflicts are enough to demand generation of distinct maps for each independent hematopoietic organ system or whether modification of a single general model is sufficient for comparison across all systems is an open problem. Developing such maps will be useful for economizing strategies to scale-up generation of sustainable therapeutic populations.
On the mechanism of HoxB4/GATA1 cross antagonism Theoretical studies argue that transcription factor-based metastable states persist only under certain regimes of balanced positive and negative feedback (Huang, 2009) . Positive feedback has been experimentally demonstrated for both GATA1 and HoxB4 through binding to its own respective promoter (Gould et al., 1997; Tsai et al., 1991) . Negative feedback is expected to be present given the functionally antagonistic roles associated with the respective transcription factors and the persistence of the signature at later stages of development as rare populations. However, defining the specific control mechanism is difficult due to the observed separation of nuclear puncta, which argues that interactions are likely to be indirect.
To our knowledge, all defined transcriptional mechanisms of cross-antagonism, in which abundance of one transcription factor drives simultaneous suppression of the alternative lineage, operate through direct physical interactions in cis or trans to regulate alternative states. This stochastic mechanism appears to be general, as it has proved to operate not only during blood determination but also during the first series of lineage commitments in mouse embryonic patterning (Chen et al., 2009; Niwa et al., 2005; Plusa et al., 2008) . For example, it has been shown that determination toward the trophectoderm fate operates through cross antagonism of an ICM promoting transcription factor, Oct3/4, against that of a trophectoderm specific regulator, Cdx2. The mechanism involves generation of a repressor complex comprising both proteins that binds directly to autoregulatory elements, which leads to suppression of the respective cell fates via generation of heterochromatin (Niwa et al., 2005) . What is notable about this particular mechanism is that the observed nuclear distribution is exactly opposite to that characterized for the putative HSC metastable condition described in our study.
GATA1 (Wadman et al., 1997) and Hox (Joshi et al., 2007; Mann and Affolter, 1998) proteins act as multimeric complexes, have different optimal cis-binding preferences and share interaction with only one trans factor, the ubiquitous histone acetyltransferase complexes, p300/CBP (Choe et al., 2009; Letting et al., 2003) . Therefore, our observations of mutually exclusive HoxB4/GATA1 nuclear patterns detected with confocal laser scanning microscopy (Schermelleh et al., 2008) would support the argument that HATs are recruited to different genomic loci and activate functionally different modules of downstream effectors. Alternatively, gene regulation may involve nucleosome-independent HAT activity. For example, CBP can directly acetylate GATA1 to promote DNA binding (Boyes et al., 1998) and in vitro experiments have shown that CBP binding to Hox proteins reduces acetylase activity while simultaneously sequestering the protein from binding DNA (Shen et al., 2001 ). Finally, a mechanism that excludes HAT activity altogether but relies only on homeodomaindependent DNA binding function has been proposed for Hox regulation of the α and γ-globin loci (Shen et al., 2004) . It is possible that all three models are operating at the same time to drive opening of distinct genome-wide compartments (Lieberman-Aiden et al., 2009) but understanding the systemic coordination of lineage commitment by HoxB4/GATA1 will require more explicit awareness of affected loci (Jing et al., 2008) .
Validating such indirect mechanisms is currently difficult because experimental constraints have not allowed an integrated understanding of local and global forces acting on gene regulation (Belmont et al., 1999; Segal and Widom, 2009) . Therefore, the prospect of combining existing medical and engineering technologies (Beck, 1993; Cremer et al., 2004; Kurimoto and Saitou, 2010; Sinclair et al., 2010) to link across this notoriously difficult nanoto micrometer scale (Tsien, 2003) makes the challenge of computing a systemic, predictable awareness of early blood cell determination across the single cell level ultimately surmountable. Understanding such regular events is necessary to enhance awareness of disease mechanisms (Misteli, 2010) .
Conclusions
In this report, we identified GATA1/HoxB4 distributions as the earliest combinatorial set of markers that segregate to blood and endothelial cells, respectively. We placed this primary hematopoietic determination event in angioblasts that lie along the transitional visceral endoderm at the time of exit from the posterior streak at headfold stages. We showed that this event is associated with simultaneous increase in Flk1 expression and reduction in ECad and pSmad1/5 nuclear accumulation, which limits the domain influenced by HoxB4 for affecting blood and endothelial cell determination. In consideration with published reports, we speculate that HoxB4/ GATA1 cross-antagonism in hemangioblasts operates in part through competitive recruitment of p300/CBP to different genomic loci that stabilizes mutually exclusive states via its effects on nuclear organization. We propose that this signature represents a metastable state that is common to hemangioblasts and HSCs and may be useful as a physiological target for comparison across species and at different stages of ontogenesis.
Our development of simple stereological techniques allows exploration of cell interactions from the epiblast to blood islands during a stage of development that has escaped interrogation due to difficulties with physical manipulation. Although we have discussed specific directions for future research, the range of hierarchies across which this process operates makes the system particularly amenable for examination through multiple perspectives (Robertson and Joyner, 2010; Roeder and Radtke, 2009; Ronneberger et al., 2008) . Given the inherent problems associated with integrating across disciplines (Borner et al., 2010) , it is necessary to map such information onto a coherent dynamic visual framework (Fox et al., 2009; Rakic, 2009 ) that can not only support representation of the many simultaneous interactions that are operating in growing animal systems but also improve communication to diverse audiences. For this purpose, we placed our observations onto Waddington's epigenetic landscape, which was envisioned as a revisable but explicit probability map of sequential cell fate bifurcations (Gilbert, 1991) . Its utility is embedded in its hierarchical structure, which is shared by all natural complex systems (Koestler, 1969; Riedl, 1978) and may be exploited as a device for comparing the extent of homology across development and evolution (Hemberger et al., 2009; Smith, 2003) . For simulation of instances at faster timescales, we utilized a powerful but userfriendly open source executable software platform (Laursen, 2009; Wilensky, 1999 ) as a heuristic means by which to integrate our current level of understanding and expose open problems for future investigations.
Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.ydbio.2012.02.023.
